mon. Neuroimaging, preferably by MRI, displaying 5-mm or greater displacement of the tonsils is consistent with a Chiari malformation diagnosis. 1 Surgery is the first-line treatment for symptomatic Chiari malformation. Surgery is typically indicated when there is 1) presence of syrinx, 2) progressive scoliosis, and/or 3) progressive symptoms. 15 However, there is less agreement in the literature on the best surgical technique. The overarching goal of surgical treatment of Chiari malformation is the decompression of the posterior fossa, typically by way of a suboccipital craniectomy. This is typically performed in conjunction with a C-1 cervical laminectomy. There has been much discussion in the literature regarding the efficacy of bone-only decompression versus in combination with dural opening. Several procedures, however, remain controversial. One such technique is the shrinking of the tonsils with bipolar cautery. While bipolar cautery is sometimes employed in the case of severe tonsillar ectopia, many surgeons avoid the procedure for fear of damaging key structures. There is a dearth of literature on the benefits and risks of tonsillar cautery. Thus, we endeavored to assess the effects of tonsillar cautery while accounting for patient presurgical characteristics and other surgical techniques to determine postsurgical outcomes, specifically improved syrinx and need for repeat decompressions.
methods study design
Institutional review board approval was obtained prior to data collection. This study had a retrospective, observational cohort-study design. Participants were screened for inclusion into the study by review of all surgical notes written between January 1, 1995, and December 31, 2013. All participants who underwent surgery with a diagnosis of Chiari Type I malformation were screened for the study. Data were collected in a de-identified manner retrospectively from the patients' electronic medical charts, and data integrity was verified by random spot-checking and double data collection by 2 independent observers. The follow-up duration for each patient was up to the last Chiari-related note entered into the patient's medical chart.
tonsillar cauterization Procedure
Pediatric neurosurgeons performed all cervicomedullary decompressions and tonsillar cauterizations carried out in this study. The decision to cauterize the tonsils was based on the surgeon's determination of whether the flow of CSF posterior to the cervicomedullary junction was adequate after decompression. This assessment was based on intraoperative determination by gross appearance and/ or ultrasound. When the flow of CSF was deemed inadequate, tonsillar cauterization was performed. Tonsillar cauterization involved the use of low-powered bipolar cauterization to coagulate the tips of the cerebellar tonsils, including the medial aspect, taking care not to enter major blood vessels such as the posterior inferior cerebellar artery and others. Typically, tonsillar cauterization was performed in this manner until the tonsils ascended to the level of the obex or the foramen magnum.
data collection
We collected a variety of data on demographics, preoperative characteristics, operative techniques used, and postoperative outcomes for patients who underwent cervicomedullary decompression surgery for Chiari Type I malformation with syrinx. Demographic data collected included age at time of surgery, date of surgery, sex, and neurosurgeon. Preoperative characteristics abstracted included presence of associated syndromes, Karnofsky Performance Status (KPS), presence of syrinx, presence of hydrocephalus, and degree of tonsillar herniation on preoperative MRI. Data on presenting symptoms included the following: seizures, headache, neck pain, nausea, vomiting, diplopia, decreased hearing, vertigo, dysarthria, dysphagia, confusion, patient-reported balance problems, bladder incontinence, sensory changes (as reported by the patient), motor deficiency, sensory deficiency (as evaluated by the physician), paresthesias, language deficiency, visual deficiency, cognitive deficiency, gait deficiency, and duration of symptoms. Prior surgical history, including prior decompression, prior dural opening, prior cord untethering, and prior shunt placement, w also collected. Operative procedures used during decompression were abstracted from the surgical note and included the following operative techniques: craniectomy, C-1 laminectomy, bone-only decompression, patch placement, type of patch material, dural sealant use, tonsillar cautery, dural scoring, and mesh placement. Recorded postoperative outcomes included length of hospital stay, new motor deficits, new sensory deficits, postoperative pain compared with baseline, time until improvement in pain, wound infection, reoperation for wound infection, meningocele, CSF leak, reoperation for CSF leak, new shunt placement, time to new shunt placement, repeat decompressions, time to repeat decompression, repeat MRI, improved syrinx, time to improved syrinx, and date of last follow-up. Primary outcomes assessed in this study were resolution of syrinx and need for repeat decompression. A syrinx was defined as the presence of a fluid-filled cyst in the spinal cord as evidenced by MRI. Resolution of the syrinx was defined as improvement and/or absence of this fluid-filled cyst on the postoperative MR image based on a neuroradiologist's assessment. No attempt was made to quantify the extent of syrinx.
selection of Participants
The diagnosis of Chiari I malformation was made in conjunction with the neuroradiologist and the attending neurosurgeon. The inclusion criteria in the current study were as follows: 1) age 0-18 years at the time of surgery, 2) diagnosis of Chiari Type I malformation based on neurological imaging and/or clinician reports, 3) diagnosis of syrinx, and 4) having undergone cervicomedullary decompression surgery.
statistical analysis
It was determined post hoc that with a total sample size of 171 patients (43 in the tonsillar cautery group vs 128 in the noncautery group), there was 80% power to detect a 25% difference in the assessed outcomes with a Type I error rate of a = 0.05. We generated descriptive statistics for demographics and preoperative variables, which are reported as mean ± SD for all continuous variables and as frequency and percentage for all categorical variables. Analysis of Kolmogorov-Smirnov statistic was performed to determine the distribution of all continuous variables. A cutoff of a = 0.05 was used for the Kolmogorov-Smirnov test to determine normality. Bivariate analysis was performed to compare the distribution of continuous and categorical variables by tonsillar cautery group. Differences in categorical variable proportions between tonsillar cautery and noncautery groups were compared using the chisquare exact Fisher's test. Comparisons between continuous variables between groups were performed using the Student t-test in the case of normally distributed variables, and the Mann-Whitney U-tests for nonnormally distributed variables. Significance was assessed at a Type I error rate of a = 0.05 for all comparisons. For each outcome measure, bivariate analyses, as described above, were performed for all demographic, preoperative, and perioperative variables. All demographics, preoperative variables, and perioperative variables found to have an association with the outcome with p value of < 0.10 were labeled as candidate predictors. These candidate predictors were assessed for collinearity using Spearman's rank correlation coefficient, and pairs of candidate predictors found to be significantly correlated according to a Type I error rate a = 0.05 cutoff were identified, and the candidate predictor with the smaller absolute correlation coefficient was disqualified from multivariate analysis. Multivariate forward stepwise likelihood ratio was used to select candidate predictors in a binary logistic regression models (P in = 0.05, P out = 0.10) most strongly associated with the outcome (syrinx resolution or repeat decompression). All regressions were evaluated for assumptions and aptness. All statistical analyses were performed using SPSS Statistics, version 20.0.0 (IBM Corp.).
results demographics characteristics
A total of 525 patients were screened, and a total of 171 patients had syrinx associated with Chiari Type I malformation and were included in this study for analysis (Table  1) . Within this group, 128 patients did not undergo tonsillar cautery while 43 did. The mean age of patients was 10.6 years (SD 4.5 years) and 108 (63.2%) were female. A minority of patients, 37.4%, had scoliosis diagnosed prior to cervicomedullary decompression. There was no difference between the tonsillar cautery and tonsil noncautery groups in terms of age, sex, scoliosis, and preoperative KPS. Patients who underwent tonsillar cautery were more likely to have reported nausea/vomiting (34.9% vs 14.8%, p = 0.007) and less likely to have reported paresthesias (11.6% vs 28.9%, p = 0.024) as presenting symptom. There were no differences between the 2 cohorts in other presenting symptoms. Over the time period of data collection, there were distinct differences in the time periods during which the surgeons performed procedures. One surgeon in our institution (not an author of this paper) performed 86 surgeries from January 1997 to June 2012, E.A. There was a significant difference in the rates of tonsillar cautery between surgeons within the group. E.A. was most likely to perform tonsillar cautery (n = 8, 66.7%), and B.C. was least likely to perform tonsillar cautery (n = 8, 9.3%). This could have been due to differences in patient population. Moreover, all surgeons performed tonsillar cautery. As a result, the surgeon performing the surgery was not selected as a final variable in the regression model predicting likelihood of syrinx resolution.
Preoperative history
There were no differences in the rate of prior decompression, prior dural opening, prior cord untethering, prior shunt placement, tonsil herniation > 5 mm, degree of tonsillar herniation, or hydrocephalus between the groups (Table 1) .
Perioperative characteristics
The great majority of patients, 85.4%, received a craniectomy versus a craniotomy as part of their cervicomedullary decompression surgery (Table 2 ). C-1 laminectomy and patch placement were other commonly used surgical techniques, with 87.7% and 79.5% of patients receiving these procedures, respectively. Less commonly used procedures included bone-only decompression, dural scoring, and mesh placement in 21.1%, 2.9%, and 1.2% of patients, respectively. Intuitively, patients who underwent tonsillar cautery were less likely to have had bone-only decompression (0.0% vs 28.1%, p < 0.001) and more likely to have had dural opening with subsequent patch placement (100.0% vs 72.7%, p < 0.001), as dural opening is a prerequisite step for tonsillar cautery.
Postoperative outcomes
Less than 15% of all patients undergoing cervicomedullary decompression experienced new motor deficit (7.0%) or new sensory deficit (12.3%) postoperatively (Table 3 ). The majority of these were due to increased severity of symptoms present preoperatively and resolved spontaneously. The majority of patients experienced improved pain after surgery (71.9%), with improvement occurring at an average of 1.4 months after surgery. However, around one-fourth of patients with improved pain after surgery eventually relapsed to their preoperative pain levels (23.6%), having experienced an average of 0.9 months of improved pain prior to relapse. An analysis of patients who relapsed to preoperative pain levels revealed that a greater proportion of those who relapsed to the same pain level had occipital headaches as the primary indication for surgery (89.2%) versus those who did not relapse (61.9%), p = 0.001 (not shown in Table 3 ). Additionally, patients who relapsed to the same pain levels were more likely to have had a bone-only decompression versus those who did not relapse (37.8% vs 16.4%, p = 0.011). A small minority of patients experienced worsened pain (7.6%), wound infection (8.2%), reoperation for wound infection (1.2%), meningocele (1.2%), CSF leak (0.6%), lumbar puncture (5.6%), new shunt placement (4.1%), or shunt revision (4.1%). Two patients (1.2%) underwent a syringe-terminus shunt after unsuccessful syrinx resolution postdecompression; neither received tonsillar cautery. No one required a reoperation for CSF leak or had a confirmed case of chemical meningitis after lumbar puncture. There was no significant difference between groups, tonsillar cautery or no tonsillar cautery, for the variables above. Patients who received tonsillar cautery were, however, significantly less likely to have a repeat decompression (7.0% vs 21.9%, p = 0.038) and more likely to have improved syrinx (81.4% vs 43.8%, p < 0.001). Additionally, patients with tonsillar cautery took 8.0 months (SD 11.0 months) to have improved syrinx compared with 13.1 months (SD 12.2 months) in patients without tonsillar cautery, p = 0.003.
Predictors of improved syrinx
A total of 171 patients with Chiari Type I malformation associated with a syrinx who underwent cervicomedullary decompression with or without tonsillar cautery were included into the stepwise linear regression predicting syrinx improvement (Table 4 ). The final stepwise forward regression selected KPS and tonsillar cautery for model Figure 1 displays the Kaplan-Meier curve assessing the time to syrinx resolution. Patients who underwent tonsillar cautery had a significantly shorter median time to syrinx improvement compared with those without tonsillar cautery (4.7 months vs 39.0 months, p < 0.001). MR images obtained in patients with (Fig. 2) and without ( Fig. 3 ) tonsillar cautery were collected prior to surgery as well as postsurgery. Figures 2 and 3 are representative images of syrinx resolution with tonsillar cautery and lack of syrinx resolution without it. There was no association between syrinx resolution and increased experience of the individual surgeons. Surgeries were divided into those that occurred before the median 
Predictors of time to syrinx improvement
Ninety-three patients with syrinx underwent cervicomedullary decompression, experienced subsequent syrinx improvement, and were included into a forward stepwise linear regression predicting time to syrinx improvement ( Table 5 ). The time to syrinx improvement was defined by the earliest MR image showing resolution of syrinx, which was not based upon a standard protocol for the timing of postoperative MRI. Typically, MR images were obtained within 3-6 months after surgery. If there was no improvement, imaging was repeated 3-4 months after the first postoperative scan. If there was improvement, MRI was spaced out at 6-to 12-month intervals. Additionally, patients underwent repeat imaging for any worsened symptoms. The final stepwise forward regression selected age, presence of preoperative sensory changes, and history of prior decompression as predictors of time to syrinx improvement. Older age was associated with decreased time to syrinx improvement, with each year of increasing age independently associated with earlier improvement by 1.00 month (95% CI -1.54 to 0.46, p < 0.001). The presence of sensory changes predicted an increase in the time to syrinx improvement of 11.81 months (95% CI 6.09-17.53, p < 0.001). Likewise, patients with a prior decompression were more likely to have an increased time to syrinx improvement (b = 7.33, 95% CI 0.41-14.25, p = 0.038). Overall, the final model consisting of these 5 variables, along with the intercept, explained a significant proportion of variance in the time to syrinx improvement, R 2 = 0.253, F(5,84) = 5.698, p < 0.001.
Predictors of repeat decompression
All patients (n = 171) with Chiari Type I malformation and syrinx who underwent cervicomedullary decompres- sion were included into a forward stepwise logistic regression predicting repeat decompression (Table 4) . The final stepwise forward regression selected the bone-only decompression as an independent predictor of need for repeat decompression. The use of bone-only decompression independently predicted an increased need for repeat decompression (OR 3.67, 95% CI 1.58-8.53, p = 0.002).
The overall model was significant in predicting repeat decompression (c 2 = 8.77, df = 1, p = 0.003).
discussion
In this study, we explored the effects of cauterization of herniated cerebellar tonsils in the case of a Chiari Type I malformation surgical correction. We demonstrated that cauterization of the tonsils during cervicomedullary decompression is independently associated with increased rates of improved syrinx but not independently associated with the need for repeat decompression surgery nor time to syrinx improvement.
tonsillar cautery independently Predicts syrinx improvement
Specifically, patients who had Chiari malformation with associated syrinx and underwent tonsil cauterization as part of their cervicomedullary decompression had a sixfold increased odds of syrinx improvement (OR 6.11, 95% CI 2.57-14.49, p < 0.001) ( Table 4 ). In addition, the presurgical KPS score of the patient independently predicted syrinx improvement after a Chiari I decompression surgery. Patients had 1.05 times greater odds of experiencing syrinx improvement with every pointwise gain in KPS score (OR 1.05, 95% CI 1.01-1.10). A previous study of surgical prognosis in hindbrain-related syringomyelia, based on 31 patients, found that no patients who received bipolar tonsillar cautery experienced clinical improvement and, in fact, showed a trend toward deteriorated outcome with tonsillar cautery. 2 Our finding of improved outcome with tonsillar cautery was not concordant with this previous study. However, we did conduct our study on a larger sample of patients with syrinx (n = 171), controlling for other variables known to affect outcome. Not only did tonsil cauterization improve outcome, it did not increase the likelihood of developing new motor or sensory postsurgical deficits (Table 3 ). In fact, it was associated with a decreased rate of new motor deficits after surgery (0.0% vs 9.4%, p = 0.039). Although there was no association between the rate of improved pain after surgery and tonsil cautery, patients who underwent tonsil cautery and did experience improved pain afterward were less likely to relapse to previous pain levels during our follow-up period (6.9% vs 28.7%, p = 0.022). There was also no difference in rates of wound infection, CSF leaks, or shunt placements (Table 3) . Thus, the benefits of tonsillar cautery are reaped with little to no added risk of complications.
tonsillar cautery and repeat decompressions
Upon bivariate analysis, we observed that patients who underwent tonsillar cautery had fewer repeat decompressions as compared with patients who did not undergo the cauterization procedure (Table 3) . Krishna et al. studied 47 adult patients with Chiari Type I malformations who underwent bone-only decompression and found that posterior bone-only decompression resulted in long-term overall symptom improvement in most patients, but as many as one-third of patients required reoperation. 9 A similarly sized study of pediatric patients undergoing posterior fossa decompression with dural opening and subsequent allogeneic duraplasty found that 89% experienced early improvement in their signs and symptoms, with a 4% repeat decompression rate. 4 Another study of 82 adult patients by Yilmaz et al. reported that in cases where Chiari Type I malformation involved Grade 3 cerebellar tonsillar descent (tonsils descend over C-1 arch), dural opening with duraplasty resulted in significantly greater resolution of syrinx and clinical improvement. 17 Based on this knowledge, we hypothesized that bone-only decompression, which precludes tonsillar cautery, may be responsible for the bivariate association of tonsillar cautery with decreased number of repeat decompressions. In our multivariate logistic linear regression to control for possible confounders, we found that bone-only decompression independently predicted an increase in the need for repeat decompression. In predicting the need for repeat decompression, the odds ratio for bone-only decompression was 3.67 (95% CI 1.58-8.53, p = 0.002). Controlled for bone-only decompression, tonsillar cautery had no effect on repeat decompressions. Thus, tonsillar cautery was not independently responsible for decreased need for repeat decompressions.
controversy surrounding tonsillar cautery
There is a lack of consensus among neurosurgeons on the optimal surgical techniques to best improve patient outcome after cervicomedullary decompression for Chiari Type I malformation. 15 This study is the first of its size (n > 150) that provides clinically relevant, empirical evidence that tonsillar cautery is safe and can offer effective improvement of syrinx in patients undergoing posterior fossa decompression surgery for a Chiari malformation with associated syringomyelia. Cerebellar tonsil cauterization not only increases the likelihood of syrinx improvement in patients but, importantly, does not increase the incidence of new sensory or motor deficits postoperatively. Additionally, we found that dural opening and subsequent patch placement decreases rates of repeat decompression, consistent with smaller studies in the literature.
9,17 Both of these surgical techniques remain controversial among neurosurgeons, and there is a dearth of large studies exploring the technique, especially tonsillar cautery.
Added Benefit of Tonsillar Cautery
Our study suggests that tonsillar cautery may provide an extra benefit with regard to resolution of syrinx versus bone-only decompression alone or in combination with dural opening. One previous study retrospectively examined 22 adult patients, concluding that selective reposition, reduction, or resection (triple "R" tonsillar technique) of herniated cerebellar tonsils may improve symptoms in Chiari Type I malformation, even without bony decompression. 5 Similar improvements in syrinx without need for decompression were exhibited in 15 infantile cases of Chiari Type I malformation with tonsillar reduction via a combination of resection and cauterization. 10 Seven of 8 patients who underwent tonsillar resection in combination with posterior fossa decompression in an older study experienced "very good" clinical outcome. 8 Oldfield et al. proposed 20 years ago that in patients with Chiari Type I malformation, each systolic pressure wave in the spinal cord may cause the tonsils to push inferiorly, causing elevated pressures in the spinal cord that force CSF into the central canal along perivascular and interstitial spaces, leading to syringomyelia. 12 Our evidence, in combination with the fact that no specific neurological function has been attributed to the cerebellar tonsils, 6, 13 suggests that tonsillar cautery may be an attractive surgical technique, in combination with posterior fossa decompression.
limitations
Our study suffers from several limitations that must be taken into account when interpreting the results. First, the study was retrospective in nature, and although we attempted to collect data on possible confounding variables, the presence of "hidden" confounders cannot be excluded, as this was not a randomized controlled study. Second, although we did determine tonsillar herniation degree dichotomously based on physician report, we were unable to quantify the exact degree of herniation in every case. Third, this study relied on radiology reports by neuroradiologists and no attempt was made at quantifying the size of syrinx pre-and postoperatively. Lastly, as this was a chart review from patient medical records, our outcomes were primarily determined by analyzing the clinical assessments of physicians. Thus, we were unable to assess the outcomes determined most recently to be valid and responsive, such as Neck Disability Index, SF-12 (12-Item Short Form Health Survey), and EQ-5D. 7 Nevertheless, we believe this study adds to our knowledge of surgical techniques for Chiari Type I malformation.
conclusions
In conclusion, tonsillar cautery is safe and effective in the treatment of Chiari Type I patients with syrinx and may decrease the time to resolution of syrinx. It was not associated with increased risk of postoperative complications.
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